Introduction
[2] Understanding the dynamics of the large outlet glaciers that drain the Greenland Ice Sheet is critical for predictions of sea-level rise [Intergovernmental Panel on Climate Change, 2007] , but recently documented shorttime-scale variations in glacier flow speed suggest that our understanding of these dynamics is incomplete. Satellite observations during the last decade have shown dramatic changes in flow speed on interannual timescales at Greenland's outlet glaciers [Joughin et al., 2004; Howat et al., 2005; Luckman et al., 2006; Rignot and Kanagaratnam, 2006; Howat et al., 2007; Stearns, 2007] . Many of the observed increases in glacier speed have been accompanied by retreats of several km in calving-front location [Joughin et al., 2004; Howat et al., 2005; Luckman et al., 2006; Howat et al., 2007; Stearns, 2007] and by increasing numbers of glacial earthquakes Tsai and Ekström, 2007; Joughin et al., 2008b] .
[3] The processes responsible for acceleration and increased calving rates at Greenland's outlet glaciers remain poorly understood, as does their relation to the glacial earthquakes. Seasonal accelerations believed to be due to the drainage of meltwater to the base of the ice sheet have been documented on the western margin of the Greenland Ice Sheet [Zwally et al., 2002; Joughin et al., 2008a] , and subglacial meltwater drainage is clearly associated with glacier acceleration at large mountain glaciers [Bartholomaus et al., 2008] . However, increases in glacier speed of factors of two to eight have also been observed in association with the loss of a buttressing ice shelf [Rignot et al., 2004; Scambos et al., 2004] at Antarctic outlet glaciers where little surface melting occurs, and numerical modeling [Dupont and Alley, 2005] suggests that loss of resistance due to large calving events is sufficient to cause the acceleration of ice streams. Glacial earthquakes, which have been interpreted to represent the sudden, shortlived acceleration of glacier ice [Ekström et al., 2003] , occur predominantly during the late summer months [Ekström et al., 2006] , consistent with a link either to seasonal variations in surface meltwater or calving rates [Joughin, 2006] .
[4] During the boreal summer of 2007, we conducted a cross-disciplinary experiment at Helheim Glacier, Greenland's third-largest outlet glacier and one of its most prolific generators of glacial earthquakes, to obtain a better understanding of the links between glacier speed, calving-front behavior, and glacial earthquakes.
Data and Methods
[5] We operated a network of continuously recording Global Positioning System (GPS) receivers on Helheim Glacier for a period of $50 days in 2007, from July 4 to August 24. Twelve receivers were installed on the glacier, in a configuration including stations both on and offset from the centerline (Figure 1) . The stations spanned an alongflow distance of about 20 km, with the downflow stations located just behind the calving front. Several stations installed within a few km of the calving front were removed and relocated to points slightly farther upglacier during a midcampaign field visit. One GPS receiver was operated at a rock site near the glacier throughout the campaign to help define a stable local reference frame; two additional rock stations operated for shorter durations.
[6] We processed the GPS data using the GIPSY software package [Lichten and Border, 1987] with high-precision kinematic data processing methods [Elósegui et al., 1996] , and the TRACK software package [Chen, 1998 ], obtaining very similar results. We estimate the positions of the GPS sites on the surface of the glacier at 15-s intervals, relative to a static antenna on bedrock, and calculate average daily velocities for each site by fitting a linear model to the position estimates in an East -North -Up coordinate system. The along-and across-flow directions are then defined locally at each station such that the average cross-flow speed during the day vanishes.
[7] We also operated a variety of auxiliary geophysical sensors, including a water-pressure gauge near the end of the glacial fjord and a broadband seismometer in the settlement of Isortoq, approximately 100 km from the glacier. We monitored seismograms from the Global Seismographic Network (GSN) continuously throughout the experiment [Ekström et al., 2003; Ekström, 2006] to detect glacial earthquakes located at Helheim Glacier. We also inspected the GSN array stacks [Ekström, 2006] in an interactive mode to identify earthquakes too small for detection by our standard algorithm. We used cloud-free visible-band imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS) to digitize the position of the calving front at near-daily intervals, estimating a onepixel (250 m) uncertainty based on comparison with Advanced Land Observing Satellite (ALOS) imagery. [Howat et al., 2005; Luckman et al., 2006; Howat et al., 2007; Stearns, 2007] .
Results
[9] Daily estimates of glacier speed in the along-flow direction are shown in Figure 2 . Several abrupt, step-like increases in glacier speed, seen at all stations in the network, dominate the timeseries. The amplitude of these velocity increases is largest near the calving front ( Figure S1 of the auxiliary material 1 ), decreasing with distance upglacier. The sudden changes in velocity thus also represent sudden changes in longitudinal strain rates.
[10] We detected five large glacial earthquakes at Helheim Glacier during the observing period of the GPS network. Modeling three-component seismograms [Ekström et al., 2003; Tsai and Ekström, 2007] confirms that the earthquake sources exhibit characteristics like those previously reported [Ekström et al., 2003; Tsai and Ekström, 2007] , including long source durations and sliding directions consistent with the sense of glacier motion. The earthquakes are closely correlated in time with the step-like increases we observe in glacier speed (Figure 2) .
[11] We identified an additional seven earthquakes using our interactive detection procedure (Table S1 and Figure 2c ). The times of these smaller earthquakes generally also correlate with increases in glacier velocity, though the increases are of smaller amplitude.
[12] The high sampling rate of our GPS data allows us to examine the character and timing of the glacier acceleration in more detail. The results of a detailed analysis of the GPS data for one station located near the calving front, for a three-day period surrounding the step-like speedup on day of year 225 (August 13), are shown in Figure 3 . We estimate the time of the glacier speedup by searching over this range for the time and amplitude of the change in slope of the position estimates that best predict the data in a least-squares sense. The model assumption of an instantaneous velocity change explains the data surprisingly well (Figure 3 ). Our preferred model allows for two changes in velocity during the three-day estimation period, and includes diurnal and semidiurnal position variations as free parameters. The range of estimates for the time of speedup obtained using a variety of modeling approaches, including curve fitting and Kalman filter analysis, spans $105 min, or $140 min with the inclusion of one-sigma formal uncertainties; most of these estimates fall earlier than our preferred speedup time, leading to an asymmetric uncertainty band. Glacier speedup occurs at a time indistinguishable from that of the first, smaller earthquake identified on day 225, and very near, but $80 min earlier than, the time of the second, larger earthquake.
[13] Analysis of GPS data from the remaining stations ( Figures S2 and S3) shows that the speedup occurs coherently along the length of the glacier. Uncertainties in the time of the speedup are greater for stations located farther from the calving front because the amplitudes of the velocity steps are smaller at those stations. The speedup times we estimate are, on average, earlier at the five stations closest to the calving front than at those farther up the glacier, but we cannot distinguish any systematic pattern of propagation of a speedup pulse. Our estimates of the timing of the velocity increase are thus consistent with simultaneous acceleration across the network. GPS timeseries for the glacier speedup events on days 189 -190 (July 8 -9) and day 207 (July 26) are also similar to those reported here.
[14] Previous workers demonstrated a correlation between the times of glacial earthquakes and large episodes of ice loss at the calving fronts of Helheim and Kangerdlugssuaq Glaciers [Joughin et al., 2008b] . The cumulative change in frontal area of Helheim glacier during summer, 2007, based on MODIS observations is shown in Figure 2b . Large-scale ice loss shows a clear temporal relationship with both glacier acceleration and glacial earthquakes.
[15] The satellite imagery provides temporal resolution of about one day. We obtain better constraints on the timing of calving by examining oscillations in the water-height signal recorded by the pressure gauge deployed during the GPS experiment. Tidal variations dominate the recorded signal, but significant water-level variations occur outside the tidal band. Small tsunamis with amplitudes of several decimeters can be clearly identified immediately following the glacial earthquakes (Figure 2c ). The most likely source of these signals is the collapse of large masses of ice into the water of the glacial fjord during the calving process.
[16] Hand-picked tsunami arrival times lie an average of 10 min after the glacial-earthquake origin times. Glacier freeboard at the calving front suggests a fjord depth of $700 m at that location. Assuming an average fjord depth in the range 200 m -1000 m and employing a shallow-water approximation leads to predicted travel times of 6 -15 min, consistent with the assumption that the tsunami source is located at or near the calving front of Helheim Glacier, $35 km away. Cross-correlation analysis provides a highprecision estimate of the time separation between the tsunami arrivals, which we find to be indistinguishable from the time separation between earthquakes. The times of the tsunami-generating calving events are thus strongly constrained to lie within a few minutes of the glacial earthquakes.
Discussion
[17] Our results have implications for models of both the glacial-earthquake source process and controls on glacier speed. The model for glacial-earthquake seismogenesis proposed by Ekström et al. [2003] and Tsai and Ekström [2007] predicts decimeter-to-meter -level coseismic displacement of the glacier surface, as a large volume of the glacier trunk lurches forward abruptly. Displacements of more than half a meter, occurring over $20 min, have recently been observed in Antarctica in association with weaker seismic signals [Wiens et al., 2008] . We observe no measurable coseismic displacement in association with Helheim's glacial earthquakes. Further, the glacier speedup we observe represents an acceleration, and thus a force, too small to explain the observed seismic radiation, even assuming a total duration of acceleration similar to the source durations of the Greenland glacial earthquakes (30 -60 s). The observed acceleration thus cannot itself represent the seismogenic source of the glacial earthquake. Models for seismogenesis involving slip on the calving face and momentum transfer from newly formed icebergs rolling against the calving face [Joughin et al., 2008b; Tsai et al., 2008] are, however, consistent with the timing constraints provided by this study.
[18] The physical processes leading to glacial earthquakes are likely to be complex. Seismograms from the Isortoq station confirm the timing of the two glacial earthquakes detected on day 225, but also show an earlier initiation of low-level seismic activity (Figure 3 ). Seismic energy begins to arrive approximately one hour in advance of the large earthquake, and at least a quarter hour before the smaller earthquake. The cause of these signals is not yet known, but they exhibit some characteristics similar to highfrequency 'rumblings' reported in West Greenland [Rial et al., 2007] . They may be related to processes preparatory to glacier calving, such as crevasse opening, to pervasive breakage of sticky spots on the glacier bed and walls, or to subglacial water transport.
[19] Our combined seismological and geodetic observations suggest two plausible scenarios for glacier speedup. In the first, a large calving event leads to the loss of resisting forces at the calving front, resulting in glacier acceleration [e.g., Howat et al., 2005] , and produces one or more glacial earthquakes, perhaps through one of the mechanisms of Tsai et al. [2008] . The apparent small difference in the timing of acceleration and calving results from the finite duration of the calving process, the uncertainties in our estimate of the time of glacier acceleration, or both. In this scenario, the seismic precursors to the glacial earthquakes are associated with disintegration of the calving front in preparation for a major calving event. In the second scenario, the glacier accelerates as a result of a process other than calving, such as the passage of a meltwater pulse under the glacier, and this process leads to calving and associated glacial earthquakes. The speedup is sustained and perhaps enhanced by a calving-related loss of resisting forces at the calving front. In either scenario, changes in tidewater-glacier speed are closely tied to the behavior of the glacier terminus.
Conclusions
[20] Our results demonstrate that large outlet glaciers can accelerate in a near-instantaneous, step-like fashion, and show a clear link between such acceleration and large calving events. In addition, our observations invalidate the lurching-glacier model [Ekström et al., 2003; Tsai and Ekström, 2007] for Greenland's glacial earthquakes, and tie the earthquake source closely to processes at the calving front. The glacial earthquakes and the rapid accelerations we document emphasize the importance of short-time-scale processes occurring at Greenland's outlet glaciers, and highlight the need to understand the role such processes play in controlling longer-term, seasonal and interannual, variability in glacier behavior. 
